ABSTRACT Melanin-based coloration in the meat of black-boned chicken is a major economic issue in China. Variation in the pigmentation (hypopigmentation) of chicken muscle causes direct economic losses every year. To determine the molecular mechanisms involved in the melanogenesis of muscle tissue, this study used high-throughput sequencing to compare differences in the transcriptome between black (BM) and white (WM) chicken breast muscles. We constructed 6 cDNA libraries from BM and WM groups in Muchuan black-boned chickens. A comparison between the BM and WM groups revealed 264 differentially expressed genes, of which 152 were upregulated, whereas 112 were downregulated in black muscle. Gene ontology and a Kyoto Encyclopedia of Genes and Genomes pathway analysis identified several differentially enriched biological functions and processes of the 2 muscles. Seven promising candidate genes [PMEL, Rasrelated protein RAB29, and 5 solute carrier superfamily genes: SLC6A9, SLC38A4, SLC22A5, SLC35F3, and SLC16A3] may play an important role in the melanogenesis of chicken muscle. Our data provide a valuable resource for identifying genes whose functions are critical for muscle melanogenesis, and will assist studies of the molecular mechanisms of melanogenesis regulation in chicken muscle.
INTRODUCTION
In oriental countries, black-boned chicken is considered a highly nutritious food and for about a thousand years it has been believed to have medicinal properties, including the enhancement of the human immune system (Chen et al., 2008) , prevention of emaciation (Tu et al., 2009) , treatment for diabetes (Lin and Chen, 2005) , and being a cure for female health conditions such as menoxenia and postpartum complications (Tian et al., 2007) . There is a preference for black-boned chicken with very black skin, muscle, and bone, which is perceived to have better medicinal properties (Tian et al., 2007) . The melanin content is considered to be the most important indicator of meat quality in black-boned chicken, and provides consumers with their first visual impression of the product, thus directly influencing their purchasing decisions (Lin and Chen, 2005) . Therefore, the melanin content in the muscle of farmed black-boned chicken is an important quality issue for the industry, with major economic im-C 2018 Poultry Science Association Inc. Received February 8, 2018 . Accepted June 7, 2018 Corresponding author: shigang yu@163.com (SY); Lswanggang@163.com (GW) 2 These authors contributed equally to this work plications. Melanin-based coloration in meat is targeted by breeders during breeding of black-boned chicken.
Melanin is a ubiquitous pigment, and patterns of melanin pigmentation in birds are extremely varied. In the black-boned chicken, melanin-based hyperpigmentation is found extensively in various tissues, including the skin, muscle, nerves, tendons, feathers, trachea, ovary, and periosteum (Muroya et al., 2000; Dorshorst et al., 2010) . However, there are large differences in the pigmentation distribution or content among these tissues (Li et al., 2010; Zhang et al., 2015) . Melanin is produced by melanocytes, and the physiological process of melanogenesis is influenced by many factors, including melanocyte development, the migratory path of melanoblasts (Dorshorst et al., 2010) , melanocyte proliferation (Halaban, 2000) , melanosome development and transport (Kerje et al., 2004) , and melanin delivery (Kwon et al., 2014) . Numerous studies have shown that melanin-based pigmentation is under strong genetic control, with many candidate genes involved in the melanocortin pathway and playing some role in melanin pigment production and deposition (Bennett and Lamoreux, 2003; Bourgeois et al., 2016) . For example, using transcriptome profiling, Zhang et al. (2015) identified 649 differentially expressed genes (DEGs) obtained from the black and white skins of black-boned chicken and 40 of these genes were involved in the melanogenesis pathway (Zhang et al., 2015) . Li et al. (2012) showed that 133 genes controlling melanogenesis showed differential expression between the black and white feather bulbs of a duck (Li et al., 2012) . Despite the identification of several melanogenesis-related genes, the genetic factors involved in melanin pigmentation in meat are still poorly understood. Our knowledge of the molecular mechanisms underlying the variation in the melanin pigmentation of chicken meat remains incomplete.
The Muchuan black-boned chicken is one of the native chicken breeds of Muchuan County in the Sichuan Province of China. This bird is characterized by an all-black body, including its feathers, cockscomb, skin, muscle, bone, and claws. In this study, we found some birds had an absence of melanin in the muscle during the slaughtering process; however, melanin synthesis was not inhibited in the feather, cockscomb, claws, and skin. To identify the candidate genes that influence melanin pigmentation in chicken meat, we used RNAseq to investigate differences in breast muscle transcriptomes between the black and white muscle tissues of the Muchuan black-boned chicken. We identified a series of DEGs, several important gene ontology (GO) terms, metabolic pathways, alternative splicing (AS) events, and single nucleotide polymorphisms (SNP). Our results provide a useful resource to further explore the role of DEGs in the melanogenesis of chicken meat.
MATERIALS AND METHODS

Ethics Statement
All experiments involving animals were approved by the Leshan Normal University Animal Care and Use Committee. The methods were performed in accordance with the approved guidelines and regulations of the regional Animal Ethics Committee.
Animals and Tissue Sampling
Six female Muchuan black-boned chickens [52 wk old, average body weight (mean ± SEM): 2.92±0.12 kg], including 3 black (or dark) muscle and 3 white (or light) muscle chickens from a breeding farm of Muchuan Black Phoenix Black Bone Chicken Industry Co., Ltd in Muchuan County, were used in this study. All chickens were had free access to feed and water during the entire rearing period. The chickens were exposed to natural lighting (12 h/d) and temperature ranking from 17 to 25
• C throughout this study. The chickens were killed by exsanguinations to obtain breast muscle samples. Black muscle (BM1, BM2, and BM3) and white muscle (WM1, WM2, and WM3) samples ( Figure 1) were isolated from breast muscle and then snap frozen in liquid nitrogen prior to use. 
RNA Isolation, Library Construction, and RNA-seq Analysis
Total RNA was extracted from each sample using Invitrogen TRIzol reagent (Life Technologies, Carlsbad, CA) in accordance with the manufacturer's instructions. RNA degradation and contamination was monitored on 1% agarose gels. RNA purity and concentration was checked using a NanoPhotometer spectrophotometer (Implen, Westlake Village, CA) and the Qubit RNA Assay Kit in a Qubit 2.0 Fluorometer (Life Technologies). RNA integrity was assessed via the RNA Nano 6000 Assay Kit in the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA).
A 3-μg RNA sample was used as the input material for the RNA sample preparation. Six sequencing libraries were generated using the NEBNext Ultra RNA Library Prep Kit for Illumina [New England Biolabs (NEB), Ipswich, MA] following the manufacturer's recommendations, and index codes were added to attribute sequences for each sample. Quality control of the sample libraries was performed using the Agilent Bioanalyzer 2100 system.
The clustering of the index-coded samples was performed on a cBot Cluster Generation System using a TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, CA) according to the manufacturer's instructions. Following cluster generation, the library preparations were sequenced on an Illumina Hiseq platform and 150-bp paired-end reads were generated.
Raw Data Processing and Alignment Analysis
Raw reads in fastq format were first processed through in-house perl scripts. In this step, clean reads were obtained by removing reads containing adapters and poly-N, and low-quality reads (reads containing more than 10% bases with a Q-value ≤ 20) from raw data. The Q20, Q30, and guanine-cytosine content in the clean data were calculated to assess the sequencing accuracy. Clean, high-quality data were used for the downstream analyses. The clean reads were mapped to the Gallus gallus genome (ftp://ftp.ensembl.org/ pub/release-86/fasta/gallus gallus/dna/Gallus gallus. Gallus gallus-5.0.dna.toplevel.fa.gz) using HISAT (ver. 2.0.4) software (Kim et al., 2015) , with default parameters. Novel transcripts were predicted by comparing reconstructed transcripts with known transcripts using the Cufflinks (ver. 2.1.1) software (Trapnell et al., 2012) . Gene structure refinement was conducted by comparing known transcripts with reconstructed transcripts from the 6 transcriptome sequencing datasets using the BLAST software. Alternative splicing events were detected using the rMATS software (ver. 3.0.8).
The "junction counts" and "reads on target" methods within the rMATS software were used to analyze the number of AS events in each library (Shen et al., 2014) .
Analysis of DEGs
HTSeq (ver. 0.6.1) software was used to count the reads mapped to each gene. The expression level of each gene was normalized using the Fragments Per Kilobase Millions (FPKM) method (Trapnell et al., 2010 ). An analysis of the differential expression between black and white breast muscles was performed using DESeq2 software (Anders and Huber, 2010) . The threshold for significantly different expression was set at a P value <0.005.
Confirmation of DEGs Via Quantitative Reverse Transcription Polymerase Chain Reaction
To validate the DEG data, a quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed to determine the expression levels of 12 randomly selected DEGs. The total RNA derived from the same samples used for RNA sequencing was reverse-transcribed to cDNA using a ProtoScript first-strand cDNA synthesis kit (NEB). The qRT-PCR primers were designed using Primer Premier 5 software (Premier Biosoft, Palo Alto, CA) and are shown in Supplementary Table S1 . The qRT-PCR was conducted using SYBR Green Master Mix (Vazyme, Jiangsu, China) in the StepOne Plus RT-PCR system (Applied Biosystems, Foster City, CA). The 20-μL PCR reaction consisted of 1 μL of cDNA, 0.4 μL of each primer (10 μmol), 0.4 μL of ROX Reference Dye, 10 μL of SYBR Green Master Mix, and 7.8 μL of nuclease-free water. The amplification conditions consisted of an initial denaturation at 95
• C for 5 min and 40 cycles of amplification (95
• C for 10 s and 60
• C for 30 s). After amplification, melting curve analysis was performed by heating the sample to 95
• C for 15 s, then cooling it to 60
• C for 1 min, followed by a linear temperature increase to 95
• C at a rate of 0.3 • C/s. Detection was performed 3 times for each sample. Gene expression levels were calculated by the 2 −ΔΔCT method, using β-actin as an internal control (Livak and Schmittgen, 2001 ). An unpaired Student's t-test was used to evaluate significant differences between the 2 groups. All data are shown as means ± standard error. P values < 0.05 were defined as significant and P values < 0.01 were highly significant.
GO and KEGG Enrichment Analyses of DEGs
A GO enrichment analysis of DGEs was conducted using the GOseq R package (ver. 2.12), in which gene length bias was corrected. Gene ontology terms with a corrected P < 0.05 were considered significantly enriched by DEGs (Young et al., 2010) . KOBAS software (2.0) (Mao et al., 2005) was used to test the statistical enrichment of the DEGs in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.
SNP and Insertion/Deletion (Indel) Analysis
Picard-tools (ver. 1.96) and SAMtools (ver. 0.1.18) software were used to sort and mark duplicated reads, and reorder the binary alignment map results of each sample. GATK2 (ver. 3.2) software was used to perform SNP and indel calling.
Transcription Factor Analysis of DEGs
Transcription factor (TF) analysis of DEGs was based on known and predicted TFs from the animal TFDB 2.0 database. For listed species, we directly extracted the TF list from the database; otherwise, BLASTX was used to align the target gene sequences to the protein sequences of known TFs.
RESULTS
RNA Sequencing Data
Six cDNA libraries (BM1, BM2, and BM3 and WM1, WM2, and WM3) were constructed, and sequenced on a Hiseq X Ten platform (Illumina). As shown in Table 1 , a summary of sequencing data indicated that each library had highly consistent statistical parameters. After filtering to remove low-quality reads and adaptor sequences, we obtained more than 7 Gb clean bases for each library, and the average clean reads ratio was 95.49%. The percentage of reads mapped to exon regions of 6 sample libraries was between 77 and 89% (Supplementary Figure S1) . The guanine-cytosine content of each library was more than 53%. More than 73% of the total reads of each library mapped to unique region of the chicken reference genome. The Q20 and Q30 value (representing the accuracy of the sequencing) was greater than 95 and 89% for each sample, respectively. These results indicate that Figure S2) . Genes with an FPKM > 1 accounted for approximately 46.78% of the total annotated genes. However, approximately 53.23% of the expressed genes had low expression values (0 < FPKM ≤ 1). Totals of 12,885 and 12,213 expressed genes were detected in black (BM) and white (WM) breast muscles, respectively. The number of genes commonly expressed between the 2 groups was 11,891 (Supplementary Figure S3) .
Identification of Novel Transcripts and Isoforms, and the Refinement of Gene Structures
High-throughput RNA sequencing can reveal novel genes and their isoforms. In the present study, we compared the assembled transcripts with annotated genomic transcripts from reference sequences. Totals of 9,499 novel genes and 360,458 novel isoforms were predicted from the 6 chicken sequencing libraries.
The refinement of gene structures is very important for determining genomic loci for further investigation. To improve the accuracy of the gene annotation information in the current database, the boundaries of known genes were refined by the alignment of known transcripts with assembled transcripts from the RNASeq data. In total, 10,091 genes were structurally refined, including 5,004 genes refined on the sense strand and 5,087 genes refined on the antisense strand. Detailed gene annotation information for the refined genes is provided in Supplementary Table S2 .
AS, SNP, and Indel Analyses
In the present study, 5 types of AS events were detected in the chicken breast muscle: skipped exon (SE), mutually exclusive exon (MXE), alternative 5 splice site (A5SS), alternative 3 splice site (A3SS), and retained intron (RI). Totals of 8,847 SE, 712 MXE, 151 A5SS, 237 A3SS, and 367 RI events were detected in the 6 libraries using only the "junction counts" method, whereas 8,870 SE, 717 MXE, 154 A5SS, 238 A3SS, and 386 RI events were identified using the "junction counts" and "reads on target" methods. The significantly different AS events between the BM and WM groups, including 237 SE, 75 MXE, 6 A5SS, 10 A3SS, and 16 RI events, were detected using only the "junction counts" method, whereas 238 SE, 69 MXE, 6 A5SS, 10 A3SS, and 17 RI events were identified by both methods. The number of upregulated and downregulated AS events for both detection methods are shown in Supplementary Figure S4 .
Putative SNPs and indels were detected in each library according to the alignment of the sequencing reads on the existing reference sequence. Totals of 243,489, 233,949, 288,186, 229302, 262,665, and 242,367 putative SNPs and 32,589, 31,258, 36,543, 30,504, 33,930, and 32,245 putative indels were detected in BM1, BM2, BM3, WM1, WM2, and WM3, respectively. We mapped the SNPs and indels on the 39 chicken chromosomes. The mapping results showed that 41.65% of the SNPs and indels were distributed on chromosomes 1, 2, 3, and 4.
Validation of DGEs Between Black and White Chicken Breast Muscles
To screen for critical candidate genes related to muscle melanogenesis, we identified the DEGs between black and white chicken breast muscles using DESeq2. In total, 264 DEGs were identified in the BM group versus the WM group. Of these, 242 were known and 22 were novel (Supplementary Table S3 ). The log2 fold change values ranged from -2.267 to 3.3618. There were 152 upregulated DEGs and 112 downregulated DEGs. Transcription factors are essential for the regulation of gene expression. We identified 7 TFs within newly identified DEGs from the current database, including SPI1 (ENS-GALG00000008127), IRF11 (ENSGALG00000006785),
and VGLL2 (ENS-GALG00000014917). Two novel genes (Novel00302 and Novel00519) were identified in the ZNF814 and NLK family using a BLASTX analysis. These TFs were found to be differentially expressed, and played crucial roles in muscle melanogenesis.
GO and KEGG Pathway Analysis of the DEGs
To further assess the functional roles of 264 DEGs in muscle melanogenesis, we performed a GO enrichment analysis using the GOseq software based on the Wallenius' non-central hypergeometric distribution. According to the biological process, the most abundant GO terms in both black and white breast muscles were single-organism process, phosphorylation, and single-organism cellular process. For the cellular component and molecular function, the GO terms for black and white breast muscles contained sarcomere, contractile fiber part, myofibril, NADH dehydrogenase (ubiquinone) activity, and NADH dehydrogenase activity (Table 2) .
To better understand the biological functions and interaction of genes, we performed a KEGG pathway analysis for the DEGs identified by the DEseq2 methods. The results of this analysis showed that 66 enriched pathways were influenced by up-and downregulated DEGs, respectively. The DEGs were significantly involved in 3 pathways (P < 0.05): oxidative phosphorylation, tight junction, and regulation of actin cytoskeleton (Supplementary Table S4 ).
The qRT-PCR Validation of DEGs
To experimentally validate the expression levels of DEGs observed in our RNA-seq assay, we used qRT PCR analysis to validate 12 randomly selected transcripts that were shown to be differentially expressed on the basis of FPKM values. These genes included 8 upregulated (premelanosome protein: PMEL, chemokine-like ligand 4: GGCL1, cytokine inducible SH2 containing protein: CISH, monooxygenase DBH like 1: MOXD1, myomesin 3: MYOM3, solute carrier family 6 member 9: SLC6A9, solute carrier family 38 member 4: SLC38A4, and apolipoprotein A1: APOA1) and 4 downregulated genes (RAB29, member RAS oncogene family: RAB29, solute carrier family 22 member 5: SLC22A5, solute carrier family 35 member F3: SLC35F3, and solute carrier family 16 member 3: SLC16A3). As shown in Figure 2 , the expression levels of 12 genes showed significant differences between the BM and WM groups (P < 0.05 or P < 0.01). The DEGs identified represent the potential valuable candidate genes for the melanogenesis of chicken muscle. Furthermore, the qRT PCR results confirmed our RNA-seq analysis results, indicating the same expression tendency in the 12 genes obtained via both methods. These results indicate that the DEGs identified by paired-end transcriptome sequencing were reliable and accurate.
DISCUSSION
Pigmentation is a complex trait that depends on genetics and other factors, including the environment, endocrine factors, and certain drugs (Dereure, 2001; Costin and Hearing, 2007; Maddodi et al., 2012) . Although many functional genes have been identified that influence melanic coloration (pigmentation) in various ways, the studies conducted so far have not considered the muscle melanogenesis of chicken in relation to candidate genes. It is important to decipher the molecular genetic mechanisms of melanin pigments in muscle, especially in the black-boned chicken industry. In this study, we obtained a comprehensive picture of the genes associated with melanogenesis in breast muscle using values were used to calculate gene expression in RNA sequencing, and to normalize the expression of one group (WM) to "1". In the qRT-PCR, β-actin was used as a housekeeping gene. Data shown on the y-axis represent the fold change. An unpaired Student's t-test was used to evaluate significant differences between the 2 groups.
* P < 0.05, * * P < 0.01. All data are presented as means ± standard error (SE).
transcriptome sequencing. An abundance of promising candidate genes affecting melanin biosynthesis in muscle were identified in chicken. By comparing the 2 types of muscle sample, we found numerous novel transcripts, novel isoforms, AS events, SNPs, indels, and refinements of gene structure, which may play crucial roles in the 2 different types of muscle. These findings will enable us to better understand the molecular mechanisms involved in muscle pigmentation, and expand our existing knowledge of the molecular networks regulating melanin biosynthesis and deposition in avian muscle. We found a total of 264 melanogenesis-related DEGs in the black and white breast muscle, including the known PMEL and RAB29 gene. The PMEL gene encodes a melanocyte-specific type I transmembrane glycoprotein which appears to be expressed exclusively in pigment cells. PMEL plays a central role in the biogenesis of melanosomes, and is involved in the maturation of melanosomes from stage I to II (Minematsu et al., 2008) . It is a prominent member of the group of dilution genes. Mutations in PMEL can result in pigment dilution through partial suppression of eumelanogenesis (Cieslak et al., 2011) . For example, indel polymorphisms in the PMEL coding region cause a dilution of the plumage color (dominant white, dun, and smoky) in chicken (Kerje et al., 2004) . PMEL is well conserved among vertebrates, and mutations within the PMEL gene, altering the function of the coded protein, are also associated with an obvious coat pigmentation phenotype in mice (Hellström et al., 2011) , cattle (Schmutz and Dreger, 2013) , horses (Brunberg et al., 2006) , dogs (Clark et al., 2006) , and rabbits (Fontanesi et al., 2013) . In this study, a significant difference in the expression level of the PMEL gene was found between black and white breast muscle following an RNA-seq assay and the application of the qPCR method. Although it has not been previously shown that PMEL can cause pigmentation disorders in muscle, our result shows that changes in the expression level of the PMEL gene are associated with muscle melanogenesis. Ras-related proteins are critical regulators of cellular membrane trafficking (Pfeffer, 2001) and are involved in a variety of processes, including skin pigmentation (Wasmeier et al., 2006) . RAB29 is a novel RAB protein (a small GTPase), although the biological functioning of RAB29 in pigmentation has not been confirmed. RAB29 is an important paralog of the RAB32 gene. It has been reported that mouse RAB32 and RAB38 act in a functionally redundant way in regulating skin melanocyte pigmentation and control the post-Golgi trafficking of tyrosinase (TYR) and tyrosinase-related protein 1 (TYRP1). The depletion of RAB32 in in vitro cultured mouse epidermal melanocytes, which severely impairs the transport of TYR and TYRP1 to melanosomes, results in severe hypopigmentation (Wasmeier et al., 2006) . In addition, some other RAB proteins, such as RAB27A (Strom et al., 2002; Hume et al., 2007; Yoshida-Amano et al., 2012) , RABRP1 (Fujikawa et al., 2002) , RAB8 (Chabrillat et al., 2005) , RAB11B (Tarafder et al., 2014) , RAB7 (Jordens et al., 2006) , RAB38 (Brooks et al., 2007) , and RAB9A (Mahanty et al., 2016) , have been shown to have crucial roles in the pigmentation processes such as melanosome biogenesis, degradation, and transport. It is known that RAB27A can regulate the peripheral distribution of melanosomes in melanocytes, resulting in tissue coloration (Hume et al., 2001) . Mutations in RAB27A can disrupt the transport of melanosomes, thereby affecting melanosome transfer to the surrounding tissues such as skin, feathers, or hair (Cieslak et al., 2011) . In the present study, the mRNA expression of RAB29 was associated with variation in chicken muscle color phenotypes. RAB29 represents a potential candidate gene affecting muscle pigmentation.
We also discovered 5 interesting candidate genes for melanin pigmentation in muscle, all belonging to the SLC superfamily, that deserve further attention: SLC6A9, SLC38A4, SLC22A5, SLC35F3, and SLC16A3. In humans, 351 SLC genes have been identified and are grouped into 45 families (Hediger et al., 2004) . In total, 229 SLC genes have been identified in the chicken genome . SLC24A5, SLC24A4, and SLC45A2 have been identified as major determinants of pigmentation in humans and in other vertebrates (fish, mice, birds, horses, and Xenopus laevis) (Mariat, et al., 2003; Gunnarsson et al., 2007; Ginger et al., 2008; Sturm, 2009) . Sequence variation in these 3 genes was found to be associated with diluted coat colors or hypopigmentation. SLC24A5 is a putative cation transporter, which is necessary for pigmentation and melanogenesis. The siRNA-mediated repression of SLC24A5 can reduce the melanin content in chicken (Luo et al., 2008; Liu et al., 2011) . SLC45A2 encodes the membrane-associated transporter protein, which mediates melanin synthesis by tyrosinase trafficking and/or proton transportation to melanosomes (Fracasso et al., 2013 ). An association of the SLC45A2 gene with pigmentation has been established in skin (Yuasa et al., 2006) , hair (Branicki et al., 2008) , and eyes (Guedj et al., 2008) of humans. Mutations in SLC45A2 cause plumage color variations in chicken (wild type, silver, and albinism) and Japanese quail (wild type, cinnamon, and albinism) (Gunnarsson et al., 2007) . The SLC superfamily is a major group of membrane transport proteins present in various cells. However, only 3 SLC transporters (SLC24A5, SLC24A4, and SLC45A2) have been confirmed to play essential roles in the pigmentation and melanogenesis system. Based on the present results, SLC6A9, SLC38A4, SLC22A5, SLC35F3, and SLC16A3 may play an important role in the pigmentation of chicken muscle. More studies are required to determine if there is any relationship between the 5 SLC genes and melanogenesis in chicken muscle.
Some well-known pigmentation-related genes (such as TYR, TYRP1, KIT proto-oncogene receptor tyrosine kinase: KIT, KIT ligand: KITLG, melanocortin 1 receptor: MC1R, agouti signaling protein: ASIP, OCA2 melanosomal transmembrane protein: OCA2 and melanogenesis associated transcription factor: MITF) have been determined in the melanic coloration in chicken (Chang et al., 2006; Zhang et al., 2015) ; however, differential expression levels of the aforementioned 8 genes were not detected in the RNAseq database of chicken muscle in the present study. To confirm the results from the RNA-seq assay, we performed an expression analysis on the mRNA levels of 8 pigmentation-related genes between the BM and WM groups of black-boned chicken via a qRT-PCR. There was no significant difference in the expression of 8 wellknown pigmentation-related genes between the 2 types of breast muscles (Supplementary Figure S5) . Zhang et al. (2015) demonstrated that TYR, KIT, ASIP, and OCA2 were significantly differentially expressed between the black and white skins of black-boned chicken (Zhang et al., 2015) . TYR, MC1R, MITF, ASIP, and TYRP1 genes were found to be associated with plumage color in chicken (Kerje et al., 2003; Chang et al., 2006) , geese (Wang et al., 2014) , and Japanese quail (Nadeau et al., 2007; Minvielle et al., 2009 ). Based on these results, we found that the mechanism for melanogenesis was significantly different between skin, feather, and muscle in chicken. Melanin pigmentation is an important component of vertebrate coloration that is often under strong genetic control (Roulin, 2004) . Understanding the genetic determination of melanogenesis is necessary to determine the complex interplay of the numerous melanogenesis-related genes. In this study, we applied RNA sequencing to identify several melanin-related genes, and identified the major candidate genes responsible for pigmentation processes in the muscle of Muchuan black-boned chicken. Future studies should aim to determine their functional role in the regulation of muscle melanogenesis. Our results provide the theoretical foundation for determining the molecular mechanisms controlling the presence of black and white muscles in chickens.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Figure S1 . Distribution of genes based on Fragments Per Kilobase Millions (FPKM) values. Histogram: gene expression levels divided into 5 categories according to the FPKM value. Pie chart: The percentage of the FPKM range occupied by all reference genes for the black and white muscle samples. Gene expression levels were divided into 5 categories: low expression (≤1 FPKM), low-to-moderate expression (1 to 3 FPKM), moderate expression (3 to 15 FPKM), moderate-to-high expression (15 to 60 FPKM), and high expression (≥60 FPKM). Supplementary Figure S2 . Venn diagram of all differentially expressed genes (DEGs) between the black breast muscle (BM) and white breast muscle (WM) groups. A total of 11,891 overlapped genes were obtained from the total detected DEGs. Supplementary Figure S3 . Venn diagram of all differentially expressed genes (DEGs) between the black breast muscle (BM) and white breast muscle (WM) groups. Supplementary Figure S4 . Statistics for alternative splicing (AS) events determined by the "junction counts" method, and by both the "junction counts" and "reads on target" methods. The y-axis indicates the gene number, whereas 5 different types of AS events are shown on the x-axis. The red and blue colors represent significantly upregulated and downregulated AS events, respectively. Supplementary Figure S5 . The 8 genes known to be related to chicken melanin pigmentation identified in the black breast muscle (BM) and white breast muscle (WM) groups by quantitative real-time polymerase chain reaction (qRT-PCR) analysis. 
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